The convective Urey ratio is equal to the instantaneous heating generated in the Earth's mantle by radioactive decay divided by the contribution of convection in Earth's mantle to Earth's surface heat flow. The measured heat flow at the Earth's surface as well as geochemical models for radioactive abundances give relatively low modern-day convective Urey ratios of roughly 0.4 while early parameterized modeling studies that treated the internal heating rate as a free parameter indicated relatively high modern-day Urey ratios of at least 0.6. Seismic tomographic images of subducting slabs and numerical simulations of convection in Earth's mantle indicate that convection is partially layered by the endothermic phase transition at 660-km depth in the mantle. In numerical simulations, the 660-km depth phase transition also leads to increased time-dependence of the mantle flow and mantle 'avalanches'. Incomplete layering has been proposed as a mechanism that could store heat in Earth's lower mantle early in Earth's evolution and release it at later times when the degree of layering decreases thus allowing for the modern-day surface heat flow with a relatively low internal heating rate. In this contribution, the Earth's thermal history is simulated using both dynamical models of mantle circulation that include the effects of the mantle phase transitions and paramterized models of mantle heat transfer. In particular, we will show that for dynamical models with Earth-like parameters describing the 660-km depth phase boundary that, although the mass flux at 660-km depth is partially impeded and avalanching takes place, the long-term evolution of the surface heat 2 S.L. Butler flow is very similar to models with no phase boundary induced layering and hence incomplete mantle layering is not a likely solution of the mantle heat flow paradox.
the core has been estimated to lie between 3 and 15 TW (Davies, 1988; Sleep, 1990; Buffett, 2002; Lay et al., 2006; van der Hilst et al., 2007) . However, modern-day core-mantle boundary (CMB) heat flows in excess of 10 TW are difficult to justify as they imply core temperatures sufficient to melt silicate material in the lower mantle in the past unless a radioactive heat source is present in the core (Buffett, 2002; Butler et al., 2005) . Labrosse et al. [2007] have recently put forward a model of Earth's thermal evolution with pervasive lower mantle melting, however. Given the above mentioned range of internal heating rates, energy balance requires between 20 and 8 TW that must arise due to the secular cooling of the mantle. These degrees of secular cooling power imply mean cooling rates for the potential temperature of the mantle of 102 to 41 K/Gyr if an adiabat-weighted value of the mantle heat capacity of 6.145 × 10 27 J/K is used. Mantle cooling values derived from petrological studies of Archean basalts and komatiites give secular cooling rates in the range 50 -100 K/Gyr (as reviewed by Korenaga, 2008) . Petrological constraints give a mean secular cooling rate since the time of the rock formation and as a result, the current secular cooling rate may be significantly different and Korenaga [2008] advocated for modern-day secular cooling rates of 124 ± 24 K/Gyr.
Among the earliest concepts concerning the thermal evolution of the mantle involved the selfregulation of the temperature in the mantle due to the feedback between the effects of temperaturedependent viscosity and internal heating (Tozer, 1972; Mian and Tozer, 1995) . In this scenario, the initial temperature of the Earth's interior is 'forgotten' since an excess of heat from a warmer start is quickly lost due to the resultant low mantle viscosity. Similarly, a cold start would result in high mantle viscosity and warming due to strong internal heating. As a result, this model predicts that most of the surface heat flow observed today is balanced by the present-day internal heating rate with a small contribution being due to the slow secular cooling of the Earth's interior which is controlled by the rate of radioactive decay. In this state, the convective Urey ratio becomes close to constant as a function of time since both the contributions to the surface heat flow from internal heating and the secular cooling of the mantle are decreasing at a rate controlled by the decrease of internal heating. We will refer to times when the Urey ratio is not changing significantly with time as the classic state hereafter. Early parameterized thermal history investigations concluded that the self-regulation scenario was essentially correct and that models with the modern-day surface heat flow are best achieved when the modern-day Urey ratio is 0.6-0.8 (Schubert et al., 1980; Davies, 1980) which imply relatively modest contributions to the surface heat flow from mantle secular cooling and require high degrees of internal heating. As we will show, models using the high internal heating rates implied by the early parameterized convection work and even models with lower degrees of internal heating with no or only weak barriers to convection typically show a convergence to the classic state during the latter half of the calculations. The Urey ratio during the classic state is greater in models with increased internal heating and is only weakly affected by the magnitude of the viscosity in the mantle and the value obtained using geochemically-constrained internal heating implies a surface heat flow that is significantly less than that of the real Earth. As a result, some mechanism is required to avoid the classic state in order to increase the surface heat flow and the degree of secular cooling.
Models with self-regulating temperature have generally been proposed as whole-mantle. We will use the term whole-mantle to refer to models without any phase boundary induced layering.
When a barrier to mantle flow is present, a significant degree of heat energy can be stored in a mantle reservoir due to the relatively slow diffusive transport of heat across the internal thermal boundary layers. This is the scenario investigated in parameterized models by McKenzie and Richter [1981] and Spohn and Schubert [1982] who assumed that an impenetrable barrier to mantle flow occurred at 660-km depth in the mantle. The latter authors found that the temperature of the lower mantle would exceed the solidus temperature for this region when strong layering was taking place. Seismic tomographic imaging of subduction zones indicates that some slabs penetrate the 660-km depth horizon while others appear to flatten out at 660-km depth (e.g., Niu et al., 2005; Fukao et al, 2001) . Numerical simulations of convection in Earth's mantle that include the effects of the 660-km depth endothermic phase transition have also shown that for Earth-like parameters, the 660-km depth endothermic phase transition causes partial layering and an increase in the time-dependence of mantle circulation (e.g., Tackley et al., 1993; Solheim and Peltier, 1994; Butler and Peltier, 2000) .
Honda [1995] considered parameterized convection models that made a transition from fully layered to whole-mantle and found that these required high internal heating rates similar to those for purely whole-mantle models in order to achieve an Earth-like surface heat flow. Butler and Peltier [2002] studied thermal history scenarios in which the degree of phase-boundary induced layering was a function of the mantle Rayleigh number and hence decreased with time using parameterized convection modeling. They found the gradual decrease in mantle layering over geological time could result in the slow release of stored heat from the lower mantle resulting in the observed modern-day surface heat flow with low degrees of internal heating in the mantle. A gradual change in the degree of layering at 660-km depth has also been proposed as a mechanism to explain the Earth's geochemical evolution (Allègre, 1997) . Since layering in dynamical convection models has been shown to be highly punctuated, it is reasonable to ask whether this gradual release of heat energy from the lower to the upper mantle in the later stages of Earth's evolution will occur in fully dynamical models and hence whether partial layering that increases with the mantle Rayleigh number can explain the fact that the internal heating rate in the Earth is much less than the surface heat flow. The main purpose of this paper is to answer this very question.
Another mechanism to avoid the classic state that has been proposed involves decreasing the dependence of the surface heat flow on the internal temperature in the mantle (Christensen, 1985; Korenaga, 2003) . Korenaga [2003] suggested that higher mantle temperatures lead to larger degrees of lithospheric dehydration and hence stiffer oceanic plates that resist bending during subduction. In this scenario, the surface heat flow remains close to constant throughout Earth history and hence secular cooling of the mantle makes an increasing contribution to the surface heat flow over time.
A further class of thermal history scenarios involves models with significant degrees of internal heating in the core. Models of this type have been presented in the numerical studies of Nakagawa and Tackley [2005] and Butler et al. [2005] who showed that a concentration of 600 ppm potassium in core resulted in models with Earth-like surface heat flows in agreement with earlier parameterized studies carried out by Breuer and Spohn [1993] and Nimmo et al. [2004] . Some high pressure analyses indicate that a significant degree of potassium may be dissolved in the core (e.g, Murthy et al., 2003) , however, more recent high pressure experiments (Hirao et al., 2006; Bouhfid et al., 2007; and Corgne et al., 2007) and geochemical models (McDonough, 2004) generally preclude the possibility of significant internal heating in the core and it will not be discussed further here. In what follows we will first describe our dynamical numerical model and parameterized model. In subsequent sections we will present the results of our numerical modeling with various degrees of mantle layering after which we will discuss the implications for our understanding of the Earth's thermal evolution.
MODEL DESCRIPTION
Both dynamical and parameterized models are considered; the former calculates the velocity and heat transport in the mantle, whereas the latter calculates convective heat flow using a modified conduction equation based on convection boundary layer theory. We describe these models below and present and compare their results in section 3.
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Dynamical Model
We employ a spherical axisymmetric numerical model of convection in the Earth's mantle coupled to a heat reservoir model for the core to describe the thermal evolution of the Earth. The model is the same as described in Butler et al. [2005] and Costin and Butler [2006] without the effects of inner-core solidification which have only modest consequences for the Earth's thermal evolution. The numerical model that we employ is modified from the one described in Butler and Peltier [2000] which is itself based on the model of Solheim and Peltier [1994] . The model solves the infinite-Prandtl number Navier-Stokes equations as well as an anelastic, compressible, energy conservation equation in the mantle.
The model also includes the effects of core-cooling, temperature-dependent viscosity, timedecaying radioactive internal heat sources and the effects of the 410 and 660-km depth phase transitions as well as depth dependent thermal expansivity, thermal conductivity, adiabatic bulk modulus, gravitational acceleration and heat capacity. The depth-dependencies of the various mantle properties, other than the viscosity are displayed in figure 1 and the reference quantities are listed in the figure caption.
Viscosity Model
The mantle viscosity is assumed to vary with radius, r, and it is proportional to exp(T a /T ) where T a is a scale temperature used to model the effects of an activation energy and T is the horizontally averaged temperature (see below). In figures 2a and b, the geotherm and radial viscosity profile are shown for time 3 Gyrs from simulation C4. As can be seen, this simulation has a significant internal thermal boundary layer at 660-km depth induced by the endothermic phase transition. The viscosity at the base of the mantle, η l , at 660-km dept, η e , and at the surface of the mantle, η u , are calculated based on the average temperature at the top of the CMB thermal boundary layer, T l , and the temperature at the top of the internal thermal boundary layer at 660-km depth, T u . In models for which there is no internal thermal boundary layer, T u is the temperature at 660-km depth.
The viscosity at the horizons mentioned above are calculated from the following relations
(1)
The radial dependence consists of two linear segments, one in the lower mantle and one in the upper mantle and transition zone. For the region 5500km < r < 5900km the profile is that of a cubic that is chosen so that the viscosity and its first derivative are continuous at r = 5500km and r = 5900km.
Here T uf and T lf are constants that represent estimates of the modern-day values for T u and T l .
As can be seen from the expression, if T u and T l are close to T uf and T lf then the viscosities at the CMB, 660-km depth and the surface will be close to η mult η l0 , η mult η e0 and η mult η u0 , respectively.
However, the terms such as e The neglect of lateral variations of viscosity allows for significant computational speed-up but could introduce some significant discrepancies with the dynamics in the real Earth. Davies [1995] studied the effects of laterally varying temperature-dependent viscosity on the ability of plates and plumes to penetrate a phase boundary and found that plates were able to penetrate more readily which decreased the episodicity of the resultant circulation. However, Christensen [1996] showed that slab penetration through a phase boundary depends significantly on the degree of trench rollback.
The parameters T uf and T lf are chosen to be 2099 K and 2931 K in order to be consistent
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with a successful parameterized model of Butler and Peltier [2002] . The values of φ le , φ eu , φ l and φ u are calculated by integrating an adiabatic profile with the values of α, c p and g in figure 1 and have values of 0.75, 0.92, 1.13, and 1.1 respectively. T a has a nondimensional value of 15 in all calculations. A non-dimensional value of 15 corresponds to a temperature of 55 000 K which lies within the plausible range for this quantity (e.g. Korenaga and Karato, 2008) . The constants η l0 , 
Core Cooling Model
The thermal evolution of the mantle is coupled thermally to that of the core in this model through the temperature of the core-mantle boundary, T cmb , which evolves in time according to the following dimensionalized equation:
In this equation, k cmb , r cmb and
∂T ∂r
| rcmb are the dimensional thermal conductivity, radius and radial temperature gradient calculated from the numerical model on the mantle side of the core-mantle boundary while C pc = 1.5 × 10 27 J/K is the total heat capacity of the core. In this formulation, it is assumed that the mantle controls the rate at which heat is transferred from the much more rapidly evolving core.
Internal Heating Rate
The internal heating rate in the mantle is also made time-dependent with the same intensity used in the parameterized calculations of Butler and Peltier [2002] . The uranium/thorium/potassium ratios used are 1/4/10000 following Hart and Zindler [1986] and a bulk silicate Earth uranium concentration of 21 parts per billion is assumed which gives a total modern-day heating power of 19.4 TW for the mantle and crust. We assume that 6.4 TW is stored in the continental crust and use 13 TW in the modern-day mantle except in the H series of models which use twice this amount. The contribution to the mantle internal heating as a function of time of each of the major heat producing elements and the total internal heating in the mantle are displayed in figure 3 . The heat sources are fixed in position and 2 and 11 TW of heat sources are uniformly distributed in the regions above and below the 660-km depth horizon, respectively. The low heating rate in the upper mantle is used in order that the upper mantle internal heating rate matches the observed heating power in MORB source material. Clearly, employing different internal heating rates in the lower and upper mantle while allowing mass transport across the phase boundary is not consistent. However, as will be discussed in section 5, this shortcoming does not significantly affect conclusions derived from the results presented.
Phase Transition Parameters
The dimensional values of the density jumps at 410 and 660-km depth are taken to be 200 and 400 kg/m 3 respectively (Dziewonski and Anderson, 1981) . The values of the latent heats are calculated from the Clausius-Clapeyron relation while the dimensional Clapeyron slope at 410-km depth is taken to be 3 MPa/K while this quantity at 660-km depth is varied from simulation to simulation with values from 0 to -12 MPa/K with -2.6 MPa/K being an Earth-like value (Akaogi et al., 2007) .
Unrealistically large values of the magnitude of the Clapeyron slope for the 660-km depth phase boundary are used in some simulations in order to investigate the effects of more extreme degrees of layering on Earth thermal history simulations. For calculations with a Clapeyron slope of 0 at 660-km depth, the Clapeyron slope at 410-km depth was also set to 0.
Boundary and Initial Conditions
The temperatures at the surface and CMB are assumed to be constant in space and the temperature at the CMB varies with time as the thermal state of the core evolves. Kinematic and dynamic boundary conditions include conditions of no mass flux, and no tangential stress on both surfaces.
The azimuthally-averaged temperature as a function of radius (the geotherm) was adjusted so that its initial radial profile was adiabatic with the temperature in the upper mantle being close to the solidus temperature of 2200 K (e.g. Boehler, 2000) . The initial temperature profile did not have a thermal boundary layer at 660-km depth and the boundary layer thicknesses at the surface and CMB were assumed to each be 100 km although the flow that resulted when the model began
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time-stepping quickly adjusted these features. The initial temperature on the core side of the CMB was taken as 4300 K in all of the runs under the assumption that the core that was in contact with mantle material might have assumed the melting temperature of mantle materials appropriate to this depth (Boehler, 2000) . The initial lateral temperature field was taken from the final time of model D3 from Butler and Peltier [2000] except for models C0ini1 and C0ini2 which used initial lateral temperature variations from other constant viscosity dynamical model runs.
The Parameterized Model
We employ the parameterized model described in Butler and Peltier (2002) . The set of ordinary differential equations for the temperature evolution in the upper and lower mantle and core are
All variables used in the description of the numerical model have the same meaning in the parameterized model. The appropriate adiabat-weighted heat capacities for the lower and upper mantle based on temperatures T l and T u are C pl and C pu and are taken to have values of 3.26×10 27 J/K and 0.98×10 27 J/K, respectively. The internal heating rates in the lower and upper mantle are given by χ l and χ u . The heat transfer efficiency factor at boundary i with area S i is given bȳ
where the viscosities are updated using equation 1. The strong temperature dependence of the viscosity results in theĀ i being strongly temperature dependent which we indicate in equation 3.
Here the index i is c, e or s for CMB, depth of the endothermic phase boundary and surface.
The critical boundary layer Rayleigh number, Ra crit , is taken to be 14.3 which was found to give good agreement between the numerical and parameterized model results for statistically steady numerical models.
The parameter δ is the ratio of heat transported by conduction to total heat transport across the endothermic phase boundary and it is calculated a posteriori from the dynamical calculations. 
where γ = 9.25 and Ra ef f is defined by
Here all quantities are dimensional and T cmb , χ l , χ u , ηu and η l vary with time which causes δ to vary with time.
SIMULATIONS
In given.
A SAMPLE THERMAL HISTORY
In figure 4a we display the heat flow across various horizons, as well as the total internal heating rate in the mantle as a function of time for both the results of the numerical model C0 and the parameterized model C0param while in figure 4b we display the temperature at the core-mantle boundary, T cmb , as well as the average temperatures at the top of the CMB thermal boundary layer, T l and at 660-km depth, T u . The value of δ in the parameterized model was set to 0.01. It can be seen that the agreement between the two models is very good, particularly if the numerical model's results were smoothed on a 500 Myr time scale. At any given time, however, there is a significant discrepancy in the prediction of the heat flows, particularly for the advected heat flow at 660 km depth and also for the surface heat flow. It will be noted in figure 4b that the parameterized model predicts lower and upper mantle temperatures that are slightly higher and lower, respectively, than the numerical model. The parameterized model is derived assuming an adiabatic radial temperature profile in the mantle. This small discrepancy is consistent with the numerical model having a weakly sub-adiabatic temperature gradient caused by the effects of internal heating and mantle secular cooling as has been discussed by Sinha and Butler [2007] , Bunge et al. [2001] and Matyska and Yuen [2000] . On average the temperature drop in the numerical model is less than that in the parameterized model by 108 K.
It can also be seen that both models achieve final surface heat flows that are significantly below the modern-day estimate for the real earth (indicated by the arrow). Furthermore, the final CMB temperature is lower than the value of 4100 K estimated from ab initio calculations (Vocadlo et al., 2003) and the temperature at 660-km depth is higher than 2000 K which is the upper bound for this quantity estimated by Boehler [2000] .
Time Evolution of the Urey Ratio
In figure 5 we present the Urey ratio as a function of time for models C0, C0ini1, C0ini2 and C0param. At very early times, the Urey ratio is significantly greater than 1, indicating that the mantle temperature is increasing due to the high early degrees of radioactive heating and heat is being stored in the mantle. This significantly decreases the viscosity in the mantle which increases the surface heat flow which causes the observed decrease in the Urey ratio. As can be seen, the self-regulation of the Earth's interior temperature in these calculations results in relatively constant values of the Urey ratio of 0.55 for the latter part of the thermal history simulations implying that the surface heat flow is decreasing at essentially the same rate as the internal heating as can be seen in figure 4 . This is the classic state in which the decay in the internal heating rate is controlling the rate at which the mantle temperature decreases and hence the rate of secular cooling. For this degree of internal heating, a Urey ratio of 0.55 implies a surface heat flow of 24 TW which is significantly lower than the observed value. There are large temporal variations, however, which result in significantly different values of the Urey ratio at any given time. The final value for the Urey ratio in model C0ini1 is 0.39 which corresponds to a surface heat flow of 33 TW which is close to the observed value. This occurs because the final state of the model happened to be one of particulary vigorous convection. In table 2 we list the average value of the Urey ratio over the length of the simulation which is an indication of the total heat energy stored in the mantle as well as the average over the last 800 Myrs and the final value as well as the average value of δ over the length of each simulation. It can be seen that although there is reasonable consistency among the time-averaged values, the final values show significant fluctuations. The Urey ratio for the parameterized model that is averaged over the final 800 Myrs is somewhat lower than the values
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for the numerical models indicating that the parameterized model over-predicts the surface heat flow somewhat.
Model V0 was identical to C0 except that the initial viscosity was decreased by a factor of 2 (η mult = 0.5). As can be seen in the results shown in table 2, the Urey ratio averaged over the entire simulation and over the final 800 Myrs for this model are only slightly different from those of C0 indicating that the amount of energy stored in the mantle and the final Urey ratio are only weakly dependent on the initial viscosity. Models with lower initial viscosity were also observed to converge more rapidly to a near constant Urey ratio state.
The evolution of the Urey ratio for four parameterized models is displayed in figure 6 . The model for which the degree of layering decreases with the mantle Rayleigh number has an early peak indicating that heat is being stored in the mantle, but unlike the constant δ models, the Urey ratio does not converge to a constant value since the gradual decrease in layering allows heat to be transported from the lower to the upper mantle which keeps the surface heat flow relatively constant while the internal heating rate continues to decrease.
The evolution of the Urey ratio for models H0 and H2 which have twice the internal heating rate of the C series of models and have no phase transition and a phase transition with a Clapeyron slope of -2.8 MPa/K respectively are shown in figure 7 . We also display a whole-mantle parameterized model evolution with this degree of internal heating, H0param. It can be seen that the Urey ratio converges more rapidly than in the lower internal heating rate case to its final value which is now 0.7. This value, coupled with the higher internal heating rate, gives a surface heat flow of 37 TW which is very close to the value of the mantle component of the observed surface heat flow.
From the data in table 2 we can see that the mean value of the Urey ratios over the lifetime of the Earth for these models are very close to 1 indicating that the average internal temperature in the mantle is very nearly unchanged from its initial value when the internal heating rate is this high. It can also be seen that model H2 with a phase transition at 660-km depth shows essentially the same temporal evolution as model H0 except for somewhat larger fluctuations due to mantle avalanches but still attains the classic state.
In figure 8 we display the Urey ratio as a function of time for simulations C0, C2 and C4 with phase transitions with Clapeyron slopes of 0, -2.8 and -4.65 MPa/K. We also show the results of two calculations from the parameterized model. One is a whole-mantle model (C0param) while one has a constant value of δ of 0.21 which is similar to the time-averaged value for the numerical simulation with a Clapeyron slope of -4.65 MPa/K. It can be seen that all of the numerical models follow a time evolution that is similar to the whole-mantle parameterized model (C0param) at least if these are averaged in time windows similar to the avalanche frequency which is roughly 1 Gyr for calculation C4. Mantle avalanches cause large variations in the surface heat flow which can be seen in the temporal evolution of the Urey ratio. Even though calculation C4 is very strongly layered at times, the mantle avalanches thoroughly mix the system to the extent that the mean time evolution is most similar to that of a whole-mantle parameterized model with large, shorttimescale fluctuations. Simulations V2 and L2 are the same as C2 except that the initial viscosity is decreased by factors of 2 and 10 (η mult = 0.5 and 0.1) and are more strongly layered as is indicated by their δ values in table 2. The mean value of the Urey ratio over the length of the simulation decreases with decreasing viscosity, indicating that more efficient transport of heat, due to lower viscosity, overwhelms the decrease in convective heat transport efficiency caused by increased mantle layering.
Simulations C6, C8 and C12 with Clapeyron slopes of -6.5, -8 and -12 MPa/K are shown in figure 9 along with parameterized calculations C0param and C4param. It can be seen by the early peak in the Urey ratio evolution curve that simulation C12 stores similar amounts of heat energy
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in the lower mantle as the strongly layered parameterized calculation. This simulation has only two mantle avalanches during its entire evolution and is sufficiently layered that it follows a time evolution that is similar to the parameterized calculation with strong, constant, mantle layering.
Simulations C6 and C7 also evolve significantly differently than the whole-mantle parameterized model although they are less layered.
As can be seen in the results listed in table 2, the mean value of δ and the average of the Urey ratio over the entire simulation increases with an increasing magnitude of the Clapeyron slope of the phase transition indicating that a greater degree of layering increases the amount of heat stored in the lower mantle. The exception to this trend is case C1 which was calculated with a Clapeyron slope of -1.825 MPa/K which has a slightly lower average Urey ratio than simulation C0 which has no phase transition at all. This reflects the fact that a phase transition with a Clapeyron slope of this magnitude coupled with the 410 km phase transition actually results in more vigorous convection due to the destabilizing effects of latent heat release. It can also be seen from simulations C0 to C6 that the average Urey ratio over the final 800 Myrs decreases with an increasing magnitude of the Clapeyron slope, indicating that an increasing amount of this stored heat energy is being released to the surface in the latter part of these simulation, however, the magnitude of the decrease is much too small to result in an Earth-like surface heat flow. Also, < Ur 800 > is very large for simulations C8 and C12 with extreme Clapeyron slopes of -8 and -12 MPa/K indicating that these simulations remain sufficiently strongly layered even in the final state that the energy stored in the lower mantle is not released. None of the C series of simulations had values of < Ur 800 > close to an earth-like value of 0.4. Using lower initial mantle viscosities with phase transitions with Clapeyron slopes of -2.8 MPa/K as in simulations V2 and L2 did not significantly affect < Ur 800 > either despite the fact that the mean degree of layering in model L2 was significantly higher. This indicates that it is unlikely for the degree of layering in the mantle to evolve so as to release stored heat to the surface to arrive at a modern-day surface heat flow with a geochemically constrained internal heating rate in a gradual way as was advocated by Butler and Peltier [2002] . However, the final values of the Urey ratio for models C0ini1, C5 and C6 are in the earth-like range because the mantle happened to be in an especially high heat flow state at the end of these simulations.
DISCUSSION AND CONCLUSIONS
We have shown that for numerical and parameterized model thermal evolution calculations, the Urey ratio converges to an asymptotic value over the latter half of an Earth thermal history simulation which we term the "classic" state. The value of the Urey ratio in this asymptotic state increases with the degree of internal heating in the model but is largely unaffected by the magnitude of the initial viscosity. Time-scales for the systems to evolve to this asymptotic state increase with the magnitude of the initial viscosity and decrease with the magnitude of the internal heating. For calculations with geochemically constrained internal heating rates, the values of the asymptotic Urey ratios imply surface heat flows that are significantly less than those measured at the Earth's surface.
Calculations with layering induced by the 660-km depth endothermic phase transformation show significant temporal fluctuations in the surface heat flow and Urey ratio caused by mantle avalanches for Clapeyron slopes of magnitude up to 4.65 MPa/K. For these calculations, if the time-evolution is averaged over windows that are similar in length to the time separation between avalanches, the time evolution is very similar to parameterized models with no layering despite the fact that the mantle mass flux is significantly impeded at times at 660-km depth. The large advected heat exchange between the upper and lower mantle during an avalanche event transports essentially all of the heat energy that is stored in the lower mantle during more layered times. As a result, phase boundary induced partial layering of mantle convection does not appear to be a good mechanism for solving the Urey ratio paradox. If the concentration of radioactive elements in the depleted upper mantle is characteristic of the entire mantle as is suggested by Korenaga [2008] , and hence the mantle internal heating rate could be significantly lower than 13 TW, then it is almost impossible that partial layering could result in models that could account for the modernday surface heat flow. If the mantle is very strongly layered, as in simulations C8 and C12, the final Urey ratio actually increases with increasing Clapeyron slope because a significant degree of the heat released by radioactive decay early in the simulations remains trapped in the lower mantle even in the final stages of the simulations.
In the models presented, the heat sources are fixed in location and simply decay with time
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following radioactive decay laws. In our model, the concentration of radioactive elements is reduced in the upper mantle and transition zone compared with the lower mantle in order to mimic the depleted MORB source region. We have shown that mantle avalanches effectively homogenize the temperature between the lower and upper mantle such that models that are partially layered display a long-term behaviour that is very similar to whole-mantle models. As a result, the concentration of heat producing elements should also be homogenized between the upper and lower mantle and hence the internal heating in the lower mantle in our models is too high while the internal heating in the upper mantle is too low. During an avalanche or when there is significant mixing between the upper and lower mantle, the velocities of mantle materials are sufficiently high that advection rates are much larger than internal heating rates and hence the details of the distribution of internal heating is relatively unimportant. When the mantle is strongly layered, however, the lower mantle in our models will be somewhat too hot while the upper mantle will be somewhat too cold, enhancing the thermal effects of layering. However, even with the artificially enhanced effects of layering, our models indicate that partial layering cannot explain the Urey ratio paradox.
Also, given that avalanches are expected to homogenize the concentration of radioactive elements between the upper and lower mantle, another reservoir with high degrees of radioactivity must exist within the mantle (e.g., Kellogg et al. 1997; Boyet and Carlson, 2006) or the concentration of radioactive elements throughout the mantle must be similar to that in the MORB source region and hence the Urey ratio in the mantle is only 0.2 (Lyubetskaya and Korenaga, 2007) .
The parameters that strongly affect mantle layering, which include the Clapeyron slope of the phase transition and average mantle viscosity have received most of the attention in this analysis.
There are significant uncertainties in many of the other parameters characterizing the mantle fluid properties including the activation energy, parameterized through T a , in our viscosity law and the thermal conductivity profile in the mantle. A disadvantage of using numerical models as opposed to parameterized models is the very long integration time needed and hence the variation of a very large number of parameters becomes impractical. A few dynamical simulations (not shown)
were carried out to investigate the end-member models with T a = 0 when mantle viscosity is temperature independent. In these cases, the mantle surface heat flow varies only slightly with the mantle temperature and hence the surface heat flow is close to constant throughout a simulation.
By choosing an appropriate mantle viscosity profile, an Earth-like surface heat flow can be easily achieved. This is essentially the same as the scenario advocated by Christensen [1985] and Korenaga [2003] where for different physical mechanisms, the surface heat flow is only weakly affected by the internal temperature. A few parameterized model calculations showed that as T a is increased, the system achieves the classic state more quickly and the final value of the Urey ratio increases. Some parameterized calculations where also undertaken that varied the relative sizes of the variousĀ i which mimics the effects of varying one of the parameters, such as the thermal conductivity that make up theĀ i . In general, increasing theĀ i decreases the time taken to reach the classic state where the mantle secular cooling is being controlled by the radioactive decay rate and the final value of the surface heat flow was found to be fairly insensitive to this parameter.
In the parameterized models of Butler and Peltier [2002] , the degree of layering at 660-km depth decreased gradually as the mantle Rayleigh number decreased with time and Earth-like surface heat flow was achieved by the slow release of stored heat from the lower mantle to the upper mantle. It is possible that if some physics that is not included in the current numerical model reduces the punctuated nature of mantle layering, that a gradual decrease in the degree of partial layering with mantle Rayleigh number could help allow for relatively high modern-day heat flows with geochemically constrained internal heating rates. Tackley et al. [1993] showed that fluctuations in heat flow caused by avalanches are more muted in three-dimensional simulations as compared with two dimensional simulations while Davies[1995] demonstrated that the intensity of episodicity is also reduced when the effects of stiff lithospheric plates are modeled. The tendency of a subducting slab to penetrate the 660-km horizon depends on the complex rheology of slabs (Cížková et al., 2002) and carrying out a numerical Earth thermal history simulation incorporating such complexity would be extremely challenging. As numerical modeling techniques improve and computational power increases and Earth thermal history simulations with increasing complexity are undertaken, it is possible that time-dependent partial layering will play a role in resolving the Urey ratio paradox but based on the results reported herein, it must be considered unlikely. Table 2 . The ratio of heat conducted to total heat flow across 660-km depth, δ, as well as the Urey ratio averaged over the entire simulation, < U r >, averaged over the final 800 Myrs, < U r 800 >, and the final value, U r f inal . 
